We propose that the thermoelectric power distinguishes two competing scenarios for quantum phase transitions in heavy fermions : the spin-density-wave (SDW) theory and breakdown of the Kondo effect. In the Kondo breakdown scenario, the Seebeck coefficient turns out to collapse from the temperature scale E * , associated with quantum fluctuations of the Fermi surface reconfiguration. This feature differs radically from the physics of the SDW theory, where no reconstruction of the Fermi surface occurs, and can be considered as the hallmark of the Kondo breakdown theory. We test these ideas, upon experimental results for YbRh2Si2.
A quantum transition from a light metal to a heavy Fermi liquid is believed to occur in a class of heavy fermion (HF) compounds as a result of the competition between Rudderman-Kittel-Kasuya-Yoshida interactions and the formation and condensation of Kondo singlets [1] . The Kondo breakdown theory [2] [3] [4] offers a minimal model describing this transition. It differs from the spin-density-wave (SDW) theory [5, 6] in respect that the whole heavy Fermi surface is destabilized at the quantum critical point (QCP) and a reconstruction of the Fermi surface is inevitable, sometimes identified with an orbital selective Mott transition. As a result, the Kondo breakdown QCP is described by critical fluctuations with the dynamical exponent z = 3, associated with breakdown of the Kondo effect [3, 4] , while the SDW QCP is explained within z = 2 related with antiferromagnetic spin fluctuations [5, 6] .
Until now, the thermopower has been studied mainly in the heavy Fermi liquid phase, with a special focus on its sign and its ratio with the Sommerfeld coefficient. In heavy fermions, the sign of the thermopower is determined by the position of the Kondo resonance with respect to the Fermi surface. The strong mass renormalization is proven not to affect the quasi-universal ratio to the Sommerfeld coefficient, which remains almost the same as in conventional metals [7, 8] . Little is known about the Seebeck coefficient close to the QCP. Preliminary studies for CeCu 6−x Au x [9] and Ce(Ni 1−x Pd x ) 2 Ge 2 [10] show that the presence of a QCP modifies low temperature dependence of the Seebeck coefficient. Two recent studies under magnetic fields show some striking similarity between thermoelectric effects in CeCoIn 5 [11] and URu 2 Si 2 [12] . In particular, both systems exhibit a pronounced anisotropy in their thermoelectric response. Lastly, a recent experiment on YbRh 2 Si 2 under weak magnetic fields shows some drastic variations of the magnitude of the Seebeck coefficient in both sides of the QCP [13] . Even fewer theoretical studies are available [7, 14, 15] . In the case of the SDW the authors of Ref. [16] argued that the Seebeck coefficient divided by temperature has the same variation in temperature as the Sommerfeld coefficient and the quasi-universal ratio is preserved at the SDW QCP.
In this study we show that the thermoelectric power can be regarded as one of the hallmarks for the Kondo breakdown quantum criticality, providing a careful fit to the recent experimental observations on YbRh 2 Si 2 [13] . Precisely, the abrupt collapse from the temperature identified with E * in the Kondo breakdown scenario [3, 4] turns out to be the unique prediction from the Kondo breakdown theory beyond the SDW [5, 6] and local quantum critical [17] scenarios.
We start from the U(1) slave-boson representation of the Anderson lattice model in the large-U limit
Here, c iσ and The fluctuation-corrections are taken into account in the Eliashberg framework [3, 4] . The main physics is that the Kondo breakdown QCP is multi-scale. The dynamics of the hybridization fluctuations is described by z = 3 critical theory due to Landau damping of electron-spinon polarization above an intrinsic energy scale E * , while by z = 2 dilute Bose gas model below E * . The energy scale E * originates from the mismatch of the Fermi surfaces of the conduction electrons and spinons, one of the central aspects in the Kondo breakdown scenario. Physically, one may understand that quantum fluctuations of the Fermi surface reconfiguration start to be frozen at T ≈ E * , thus the conduction electron's Fermi surface dynamically decouples from the spinon's one below E * . We show that the Seebeck coefficient collapses at E * , associated with the Fermi surface reconstruction.
The thermoelectric power can be deduced from the following transport equations
defining three transport coefficients of σ, p, and κ, where three species of conduction electrons, holons, and spinons are taken into account for each response function, denoted by c, b, and f , respectively. J el(th) is the electric (thermal) current, and E, ǫ, µ, T are an external electric field, internal one, chemical potential and temperature, respectively. The internal electric field ǫ emulates the "back-flow" condition J 
Then, the physical Seebeck coefficient is given by
Around the QCP, the Seebeck coefficient can be simplified as follows
based on the fact that σ f (T ) ≪ σ b (T ) → ∞ in the HF phase and σ f (T ) ≫ σ b (T ) → 0 in both the quantum critical regime and spin liquid state. Evaluating the thermopower conductivity in the oneloop level
where
is the Fermi velocity of conduction electrons (spinons), we find
are wave-function and dispersion renormalization [19] , respectively, and ℜΣ c(f ) (k c(f ) F , ω) is the real part of the electron (spinon) self-energy. This expression is basically the same as the standard representation [7, 14, 15] , where the derivative of the density of states with respect to frequency is replaced with that of the dispersion renormalization function with respect to momentum. Thus, the sign of the Seebeck coefficient is given to be negative when the Kondo resonance lies below the Fermi energy, exactly the Yb case.
An important quantity is the quasiparticle weight Z c(f ) (ω), resulting from the linear dependence of frequency in the thermopower expression. A singular logarithmic temperature dependence is revealed in the quantum critical regime, typical of the z = 3 quantum criticality in three dimensions beyond the SDW theory [16] .
The self-energy correction can be found within the Eliashberg theory, where quantum corrections are selfconsistently introduced in the one-loop level but vertex corrections are neglected [3, 4] . The dispersion renormalization function is obtained from the renormalized band. In the HF phase the spinon and conduction electron bands are hybridized. Resorting to these two renormalization functions, we can provide a fit for the recent experimental data for YbRh 2 Si 2 [13] . The main feature of the experimental results is that the Seebeck coefficient divided by temperature is found to increase logarithmically in temperature above a certain energy scale T M and drops down abruptly in both the quantum critical regime and antiferromagnetic phase while it saturates to a constant in the heavy Fermi liquid. The Kondo breakdown QCP scenario reproduces this main feature almost exactly as shown in Fig. 1 . The logT divergence is explained by the z = 3 quantum critical regime of the theory. In particular, the collapse at T M is attributed to suppression of quantum fluctuations of Fermi surfaces at E * , thus T M = E * in the Kondo breakdown theory, where localized f-electrons cannot participate in carrying entropy due to the Fermi surface decoupling. In this regime the question whether S/T changes sign at very low temperatures is still experimentally under scrutiny. In the Kondo breakdown theory, the negative sign of the Seebeck coefficient is attributed to the presence of the fluctuating hybridization between the f-spinons and the conduction electrons, yielding to the formation of the Kondo resonance below the Fermi level. Below E * however, the spinon Fermi surface decouples from the conduction electron one, and S/T saturates to the value determined solely by the light conduction electrons. In the heavy Fermi liquid the Kondo breakdown theory shows the saturation associated with Fermi liquid physics, but without changing sign.
To understand better the quantum critical region, we approximate the self-energy and obtain the typical z = 3 form analytically in three dimensions,
where D is the half-bandwidth and m b = (2N V 2 ρ c ) −1 is the band mass of holons. Then, the two renormalization functions are given by
displaying the log T -dependence and negative sign due to the f-resonance below the Fermi energy. Lastly, we show that in the HF regime (V > V c ), the saturation value of the Seebeck coefficient divided by the temperature α ≡ − (1−α)
, where C is a positive numerical constant from the mean-field analysis, we obtain where
valid near the QCP, we conclude α ∝ B − B * , consistent with the experimental data of Ref. [13] .
The weak point of the Kondo breakdown theory is the treatment of the anti-ferromagnetism. However, the thermoelectric power is insensitive against onset of antiferromagnetism as far as E * is larger than T N , Néel temperature. Since localized f-electrons cannot carry entropy when they are decoupled from conduction electrons in the quantum level, the collapse should occur from E * above T N . Actually, this is observed in YbRh 2 Si 2 , where E * ≈ 100mK and T N ≈ 70mK as the maximum Néel temperature [13] . This collapse behavior is believed to survive beyond our approximation.
This feature differs from the SDW scenario completely, well discussed in Ref. [21] . Because quantum fluctuations associated with the Fermi surface reconfiguration do not exist in the SDW theory, the Seebeck coefficient should saturate to a constant value below both the Neel temperature and HF coherence one. It should display a symmetric configuration for B < B c and B > B c .
Another important result of the Kondo breakdown theory applied to YbRh 2 Si 2 is that the sign of the Seebeck coefficient becomes positive in the low temperature limit, changing from that in the HF phase [13] . Since the spinon band is decoupled from the conduction band, the Kondo resonance disappears even in the dynamical level and contributions from only conduction electrons give rise to a small positive constant, reflecting the physics of the normal Fermi liquid. This feature is difficult to interpret within the SDW framework without the Fermi surface reconstruction.
One may ask why the Seebeck coefficient is sensitive to E * while other quantities such as the specific heat coefficient [22] and thermal conductivity [23] do not show such serious dependence. The main difference between the thermoelectric power and others is that the thermodynamic and thermal transport coefficients can measure contributions of neutral spinon excitations while the Seebeck coefficient does not. This is the reason why only the thermopower is sensitive on the Fermi surface reconstruction, argued to be a fingerprint for the Kondo breakdown QCP.
Another important measurement is the Hall coefficient which also reveals an interesting energy scale, referred as T * in the heavy fermion side, below which the Hall coefficient R H shows an abrupt decrease. This abrupt change has been attributed to the proximity to a Kondo breakdown QCP [24, 25] , whereas other approaches have stressed the complexity of this measurement and its sensitivity to minus fluctuations of the f-electron chemical potential [26] . Since the Hall coefficient measures the Fermi surface curvature, thus sensitive to the static formation of the heavy fermion band, the Hall number shows its characteristic only in the heavy fermion side while it does not in the localized side. On the other hand, the thermoelectric power measures fluctuations of Fermi surfaces, showing an interesting signature in the antiferromagnetic side. We refer interested readers to our future publication for a thorough study of the Hall effect within the Kondo breakdown theory.
In this paper, we argue that the thermoelectric power is an important measurement for quantum fluctuations of the Fermi surface reconfiguration, which enables us to discriminate the Kondo breakdown theory from the SDW scenario. It was demonstrated to collapse at the energy scale associated with Fermi surface fluctuations, identified with E * in the Kondo breakdown theory. We show here, that a careful fitting of the data can be obtained within the Kondo breakdown theory for an energy scale of the order of 40mK, a bit small compared to the experimental value. The z = 3 quantum criticality of Fermi surface fluctuations gives rise to the singular log T behavior in the quantum critical regime, consistent with the experimental data on YbRh 2 Si 2 .
The local quantum critical scenario [17] does not have the characteristic energy scale E * of the Kondo breakdown theory. There, the mechanism for the abrupt collapse of the Seebeck coefficient is not yet as clear as within the Kondo breakdown theory. It would be very interesting to see how the two theories of Kondo breakdown compare with respect to the fitting of the experimental data.
